V IS UAL perception plays a fundamental role in the guidance of locomotion. The ability to "see where you're going," or perceive the current direction of self-motion, is based on the detection of complex patterns of optical flow that are produced at the eye of a moving observer. Agerelated changes in visual sensitivity to these patterns could have important consequences for the control of everyday activities such as walking and driving, and might contribute to mobility problems and the increased incidence of falls in older adults. This study examined age differences in the ability to perceive one's direction of self-motion. or heading. from patterns of optical flow .
When an observer moves relative to a stable environment, the pattern of light reflected to the moving eye undergoes a lawful transformation called optical flow. For example, translation of the observer produced a radial pattern of optical flow (Figure 1) , in which the focus of outflow corresponds to the observer's heading . Flow patterns can be described as optical velocity fields in which each vector represents the instantaneous optical velocity of an environmental element. Gibson (1950 Gibson ( , 1979 first proposed that the global radial outflow pattern could be used to perceive one's current heading and to steer locomotion through the environment. Cutting (1986) estimates that a heading accuracy on the order of 1 0 of visual angle is required to avoid obstacles during high-speed locomotion such as running, driving, and downhill skiiing. (See related analyses by Bruss & Horn, 1983; Gibson, alum, & Rosenblatt, 1955 ; Gordon, 1965; Koenderink , 1986; Lee , 1974; Longuet-Higgins & Prazdny , 1980; Nakayama & Loomis, 1974; Waxman & Ullman, 1985) .
Other classes of observer movement also generate characteristic optical flow patterns (Warren, Morris, & Kalish, 1988) . In particular, a curvilinear movement of the observer on a circular path produces a hyperbolic flow field ( Figure  2 ), whose curvature depends on the radius of the observer's path. This type of pattern is common during curve-taking, both on foot and when driving. In this case there is no focus of outflow. but the observer's future course of movement. which we will call the clIITilineal' heading. is specified by the locomotor flow line that passes beneath the observer (Lee & Lishman, 1977 ; see also Cutting, 1986; Rieger, 1983) .
In studies of younger observers we obtained highly accurate heading judgments for the case of observer translation (Warren et aI., 1988) . When presented with moving randomdot displays simulating translation parallel to a ground surface and asked to judge whether they appeared to be heading to the left or right of a target, observers had an overall 75% correct threshold of 1.20 of visual angle -close to the estimated requirement of 10. In addition, heading judgments were accurate with as few as 10 dots, but decreased significantly with only 2 dots . This supports Gibson's hypothesis that observers normally use the global radial outflow pattern rather than a local feature of the display, such as locating a stationary element at the focus of outflow or relying on 2-element motion parallax.
We have found similarly high levels of performance in younger observers with curvilinear movement (Warren, Mestre, Blackwell, & Morris, 1989b) . When presented with optical flow displays simulating a circular path and asked to judge whether they would pass to the left or right of a target if they continued on their present course, observers had overall heading thresholds of 1.4 0 . This indicates that the visual system can use different classes of optical flow patterns to perceive different classes of self-movement.
However, little is known about how the detection of optical flow is affected by the aging of the visual system. There is more research on age-related changes in basic sensory sensitivity than on how such changes functionally affect more complex perceptual tasks such as visually guided locomotion . Aging is known to be accompanied by losses in photopic acuity (Gittings & Fozard, 1986; Pitts, 1982) , contrast sensitivity at intermediate and high spatial frequencies (Owsley, Sekuler, & Siemsen, 1983) , and motion sensitivity at low spatial frequencies (Sekuler, Hutman, & Figure 2 . Velocity field produced by curvilinear movement of the observer parallel to a plane. The observer's future path, which intersects vertical line, is specified by the locomotor flow line that passes beneath the observer. Owsley, 1980) . But these measures may not predict performance with suprathreshold stimuli or the more complex optical patterns characteristic of everyday activities. For example, Kruk, Regan, Beverley, & Longridge (1983) found that none of these measures predicted pilot performance in a flight simulator; the only predictor was the ability to discriminate suprathreshold radially expanding flow patterns. This suggests that, rather than trying to predict functionallosses from basic sensory measures, higher-level perceptual abilities should be examined directly to determine age-related changes in functional visual performance.
Using suprathreshold stimuli, Ball and Sekuler (1986) examined age differences in discriminating the direction of translatory motion of two successively presented randomdot patterns. Although younger and older observers overlapped a great deal, there was a significant age-related loss in discriminability, which could be improved with training. Notably, performance was unaffected by degrading acuity, indicating that low spatial frequencies are sufficient for detecting the direction of translatory motion. This is consistent with the finding that low spatial frequencies are sufficient to induce the perception of self-motion in circular vection (Leibowitz, Shupert-Rodemer, & Dichgans, 1979) , which also presents a translatory flow pattern. However, the discrimination of translating patterns may not reflect performance with more complex patterns such as radial outflow.
In this study we assess age differences in the visual basis for locomotion by directly testing complex optical flow patterns. Experiment I compares heading judgments in younger and older subjects for the case of observer translation, using radial patterns of optical flow. Experiment 2 then examines curvilinear heading judgments using hyperbolic flow patterns.
Experiment 1: Perception of Translational Heading
The first experiment examined the case of observer translation parallel to a random-dot ground surface ( Figure I ). Simulated observer speed was varied from a slow walk to a fast run, and dot density was varied such that the number of visible dots ranged from 2 to 63 . If there are age differences in heading accuracy, a general decline in the ability to detect and locate the center of suprathreshold radial patterns would predict an overall decrease in performance. On the other hand, a shift away from reliance on the global radial pattern toward reliance on local features of the pattern would predict a density by age interaction.
METHODS
Observers. -The 12 younger observers were Brown University students who ranged in age from 17 to 24 years (M = 20.0). All had normal or corrected-to-normal vision by self-report. The 12 older observers were volunteers from a cohort population of Brown faculty (n = 5) and members of a nearby drop-in senior center (n = 7), who ranged in age from 61 to 78 years (M = 69.4). Like the younger group, they had middle to upper class backgrounds and were college educated (range of 12 to 20 years of education, M = 17.5) .
In an attempt to isolate the effects of aging on visual ability and minimize the effects of peripheral ocular changes , disease, and injury, all older observers were screened for vision and related health problems by means of a self-report questionnaire and, for the senior center members, an arranged ophthalmological examination or records from an exam within the previous year. Only volunteers who met the following criteria were included in the study: by self-report, normal or corrected-to-normal acuity and no significant cataract, glaucoma, partial vision loss, diabetes , ocular injury or disease; by examination, corrected acuity of 20/20 or better and normal or corrected-to-normal acuity at 45 cm, intraocular pressure less than 20 mm Hg in each eye with a difference of less than 3 mm Hg by applanation tonometry, normal cornea, lens, and iris by slit lamp exam, and normal retina, macula, optic nerve, pupillary reaction, and ocular motility. Finally, in order to be conservative about age-related losses, observers who appeared not to understand the instructions or who gave random responses were removed from the sample and replaced with other volunteers. Two older observers were dropped from Experiment I for this reason.
Displays. -Computer-generated displays simulated observer translation parallel to a random-dot ground plane (for further details, see Warren et aI. , 1988) . Each display consisted of 56 images presented at 15 frames/sec. The screen was viewed binocularly through a window in a black viewing box from a chin rest at a distance of 45 cm , and subtended a visual angle of 40° H x 32° V . Subjects wore the correction most appropriate for this viewing distance. There were three speed conditions simulating a slow walk of 1.0 mis, a fast walk of 1.9 mis, and a run of 3.8 mis, assuming an eye height of 1.6 m. These were crossed with four dot density conditions simulating a ground surface with 0.12 dots/m 2 (63 dots visible at the start of a display), 0.05 dots/m 2 (27 visible), 0 .02 dotslm 2 (10 visible), and 0.004 dots/m 2 (2 visible). The dots were single white pixels on a blue background and were well above threshold: background luminance was 90 nits, and dot luminance was 118 nits . To avoid a dense clustering of dots at the horizon. the ground surface was truncated at ~ simulated distance of 37.3 m, which produced an approach toward a distant cliff edge rather than an infinite plane. The dots did not expand with motion.
On each trial, the first frame of the display appeared for 1.5 s as a warning signal , the dots moved for 3.7 s, and then a target line appeared in the last frame; the target and the dots remained visible until the observer made a response. This ensured that there was no relative motion between the dots and the target during the display. The intertrial interval lasted 2 s, during which only the blue background was visible. The target was a vertical line I ° high that appeared like a telephone pole on the apparent horizon ± 2° or 6° from the center of the screen. Heading angle with respect to the target varied among 10 possible values, ± .5, 1,2,4, 8° to the left or right of the target. Thus, the direction of heading could lie in 40 possible positions within ± 14° from the center of the screen. Although older observers are known to suffer a decline in the ability to localize a target amid dis tractors with short viewing times (125 ms) and large retinal eccentricities (l0-15°), there is little loss at small eccentricities (5°) (Sekuler & Ball, 1986) . Our procedure allowed extended viewing time and free fixation, so we assumed that there would be no age differences in target localization.
Procedure. -Observers were instructed to judge whether it looked like they were heading to the left or right of the target line by pressing one of two response buttons after the display stopped. To help explain the random-dot displays , we walked older observers through a demonstration area in which there were white spots on the floor. All observers received 10 practice trials with feedback at the beginning of the first session, which could be repeated once or twice until the observer was comfortable with the task. Test trials were performed without feedback. Displays were blocked by speed; dot density, target position, and heading angle were varied randomly on each trial, for a total of 480 trials per subject. Younger observers received all three blocks of trials in one 1-112 hour session, whereas older observers received one speed condition in each of three 4S-min sessions.
RESULTS AND DISCUSSION
Both younger and older observers were quite accurate in judging their direction of heading, but there were statistical differences. The best performance occurred in the highest density and speed condition, with mean 7S%-correct thresholds of 1.1° (SD = O.4S) for younger observers and 1.9° (SD = 0.72)forolderobservers,t(11) = 3.21,p < .01.
Overall mean percent correct judgments for the two groups are presented in Figures 3 and 4 , broken down by speed (collapsing across density); chance performance would correspond to a horizontal line at SO% correct. An analysis of variance (ANOY A) on percent correct data normalized by an arcsin transformation revealed a main effect of age, F (1 ,22) = S.31, p < .05, indicating a significant decrease in accuracy for older observers . It also yielded main effects of speed, F (2,44) = 26.53, p < .001, indicating a drop in performance at lower speeds, and density, F (3,66) = 33.71, p < .001, indicating a drop at low dot densities, but no density by age interaction, F (3,66) = 1.86, ns. The only significant interaction was between age and speed, F (2, 44) = 3.57, p < .05, suggesting less improvement at higher speeds for older observers. This was confirmed by separate ANOY As on each group, which produced a larger speed effect in younger observers, F (2,22) = 36 .96, p < .001, than in older observers, F (2,22) = 4.20, p < .05 . Thus, despite a significant age difference, the pattern of results is the same for both groups across density conditions.
To calculate heading thresholds, each observer's data in each Density X Speed condition were fit with an ogive by performing a z transformation on percent correct and computing a linear regression. The heading angle at which the regression line reached 75% correct was adopted as threshold; occasional observers who did not show a clear threshold were discarded from a given condition. Mean thresholds for each group are presented as a function of density in Figure 5 (collapsing across speed) . Excluding the anomalous 2-dot condition, the overall mean thresholds were 1. 9° for the younger group and 3.0° for the older group. (This value for younger observers is slightly worse than Warren et al. 's (1988) finding of 1.2° due to a range effect: in the previous study we tested heading angles of 0.2° to 4.0°, whereas in the 
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---- present study we tested 0.5° to 8.0 0 and thus did not push our observers as hard.) The thresholds of older observers are consistently about 1 ° higher than those of younger observers, and an ANOY A showed that this age difference was significant, F (l,22) = 4.73, P < .05. There were also main effects of density, F (3 ,66) = 17.47, P < .001, and speed, F (2,44) = 10.17, p < .001, but no interactions. The absence of an age by density interaction confirms that, despite an overall age effect, the pattern of results is the same for both groups as a function of density .
In sum, the findings indicate that there is a small but statistically significant decline in the ability to perceive one's direction of self-movement with age, a loss of about l Oaf heading accuracy. However, the pattern of heading judgments across density conditions is the same in older and younger observers. This indicates that the decline in heading accuracy is not due to an age-related shift in strategy, but rather a general loss in the ability to register and locate the center of global radial flow patterns.
Experiment 2: Perception of Curvilinear Heading
The second experiment examined the case of curvetaking, in which the observer travels on a circular path parallel to the ground surface (Figure 2 ). Curvilinear movement produces a different class of optical flow patterns in which the field lines are hyperbolic and splayed rather than straight and radial. Thus , the visual system must rely on a different global pattern of flow to determine curvilinear heading.
Curvilinear movement also introduces an asymmetry into the flow pattern, which raises the possibility of an asymmetrical bias in perceived heading . For example, observers might systematically see themselves as heading to the outside or inside of the actual curvilinear path for a variety of reasons, including an asymmetrical influence of the flow pattern or the absence of normally concurrent vestibular information. This experiment allowed us to analyze for such a response bias.
METHOD
Observers. -The observers were new volunteers who met the same criteria as before. Twelve younger subjects were Brown students who ranged in age from 16 to 25 years (M = 21.0). Twelve older subjects were drawn from a cohort population of participants in a Brown continuing education program for retired people. They ranged in age from 64 to 74 years (M = 68.3) and in education from 12 to 22 years (M = 16.6). Two younger observers and four older observers were replaced with other volunteers because they failed to understand the task or gave random responses .
Displays . -Displays were similar to those in the previous experiment, except that they simulated curvilinear movement parallel to a random-dot ground surface. The radius of the observer's circular path varied between ± 50, 75 , 100, 200 eyeheights (l eyeheight = 1.6 m), with positive values indicating a right-hand tum (center of rotation to the observer's right) and negative values indicating a left-hand tum. A radius of 75 is comparable to that of a highway cloverleaf and a radius of 200 is close to a linear path. Dot density was constant at 0.12 dots/mI, and the observer's tangential velocity was constant at 3.8 mIs, identical to the high density and speed condition in Experiment I . The ground surface was truncated at an initial distance of 45 m, so 95 dots were visible at the start of each trial.
The target line again appeared in the last frame of the display, but this time it was located on the surface at a simulated distance of 16 m from the observer's final position, its location specified in the display by the point of intersection between its base and the surface (Gibson, 1950) . The heading angle was the visual angle between the target and the point at which the observer would pass the target, as viewed at the end of the display. This point was determined by the intersection of the observer's circular path and the line that passed through the target perpendicular to the line of sight to this point. Heading angle with respect to the target varied between ± 0.5, 1.0,2.0,4.0°. Thus, on half the trials the observer was heading to the" inside" of the target, and on the other half to the " outside" of the target.
Procedure . -Observers were instructed to judge whether it looked like they would pass to the left or right of the target if they continued on the same path. They received 10 practice trials with feedback , which could be repeated once or twice, and then 256 test trials without feedback. Radius and heading angle were varied randomly on each trial. Observers received all trials in one I-hour session, with a break half way through.
RESULTS AND DISCUSSION
Once again, both younger and older observers were quite accurate in judging their direction of heading, but there were significant differences between them. Mean curvilinear heading thresholds were 1.4 0 (SD = 0.54) for younger observers and 2.9 0 (SD = 0.68) for older observers, t (22) = 5.94, p < .001.
Overall mean percent correct for the two groups is presented in Figures 6 and 7 , broken down by radius. An ANOYA revealed main effects of age, F (1,22) = 49.23, P < .001, and radius , F (3,66) = 7.02, P < .001 , but no interaction . Separate ANOY As on each group showed a radius effect for younger observers, F (3 ,33) = 8.29, p < .001, but, due to high variability, not for older observers, F (3,33) = 2.11, ns. It appears that performance declines slightly but significantly with smaller radii; this effect is di scussed at length by Warren et al. (l989b) .
Mean 75%-correct heading thresholds , calculated from this data, are presented as a function of radius in Figure 8 . The older group's threshold is more than 1 ° higher than that of the younger group across all conditions. An ANOYA confirmed main effects of age, F (1,22) = 35.79, p < .001, and radius, F (3,66) = 3.37, P < .05 , with no interaction , F (3,66) = 1.47, ns . Again, separate analyses revealed a radius effect for younger subjects, F (3,33) = 3. 18, P < .05, but not older subjects, F (3,33) = 2.29, ns.
To assess the tendency of observers to see themselves as heading to the outside (or inside) of their actual curved path, we used the percentage of' 'outside" responses as a measure of response bia , where 50<JI indicate' no ia either group had a ignificaOl re pon e bias for the range of radii te ted the younger gr up having a mean f 47. % " outide" re p n es, I (II) = 0.85. n and the older group having 54.9% I ( II ) = 1.78 ns. An ANOVA revealed n age difference, effect of radius , Of interaction. We hould note that Warren et a!. ( 1989b) did find a ' ignificant outside bias at a smaller radius of 20 eyeheights in tests of younger observers .
In sum, older observers exhibit a loss in curvilinear heading accuracy of about 1.5 0 , similar to that found for translational heading despite a qualitatively different flow pattern.
General Discussion
The main result of the present study is that there is a small but statistically significant age-related decline of over lOin the ability to see where one is heading. This is true for both translational and curvilinear movements of the observer, which involve the detection of two qualitatively different classes of optical flow patterns. The first experiment indicated that older subjects rely on the same global optical information as do younger subjects, and do not shift to depend on local features of the flow pattern. It thus appears that the age difference is due to a loss in the visual system's ability to detect the global structure of these optical patterns. While the magnitude of this change is not catastrophic, the loss in accuracy may have implications for the control of high-speed locomotion and the incidence of falls in the elderly.
What might account for the observed decline in performance with age? Let us consider several possible explanations.
(a) Peripheral ocular changes. We attempted to control for differences in ocular condition by carefully screening older observers to eliminate subjects with poor acuity, cataracts, or other pathology. Thus, we do not believe that the age difference is due to these peripheral factors.
(b) Understanding the task. We took pains to explain the task to each observer and acted conservatively by removing subjects who gave evidence of not comprehending the task or who performed at chance. As most such subjects were in the older group, this would act to reduce the observed age difference. We are satisfied that all participants understood the task .
(c) Low-level sensory losses. As noted above, it is doubtful that losses in acuity, contrast sensitivity, or motion sensitivity affect the perception of suprathreshold motion . However, it is possible that known decrements in direction discriminability for suprathreshold translatory motion also affect the detection of more complex flow patterns. Such decrements might be due to losses at the level of local direction-selective units in the visual cortex. For the detection of radial outflow patterns such as those in Figure I , the loss of directional units would be similar to adding noise to the flow field . However, Watamaniuk, Sekuler, and Williams (1989) found that the discriminability of global translational motion was unaffected by the addition of local directional noise in individual dot motions , indicating higher-level spatial pooling of local direction signals (Wil-Iiams & Sekuler, 1984) . Similarly, we have found heading thresholds below 1.5 0 for radial flow patterns with both directional noise and speed noise added to individual dot motions (Warren, Griesar, Blackwell, Hatsopoulos, & Kalish, 1989a) . This suggests that the observed age decrement is not simply due to losses in low-level motion-selective units.
(d) Higher-level losses. There is some evidence for the existence of higher-level large-field units sensitive to translating, rotating, radially expanding, and shearing optical patterns (Regan, 1986; Saito, Masao, Tanaka, Hikosaka, Fukada, & lwai, 1986) , where spatial pooling of lower-level units could occur. The theoretical basis for this approach was developed by Koenderink & van Doorn (1978) , who showed that any arbitrarily complex flow field can be mathematically decomposed into these four components, corresponding to translation, curl, div , and def, at each point in the field . Although the functional role of such units remains speculative, losses in direction-selective cells at this level could account for the age-related decline in discriminability of global translations found by Ball & Sekuler (1986) , and losses in radially selective cells could account for the decline in localization of radial outflow patterns found here.
However, it is important to note that the decrement we observed is not restricted to one class of flow patterns, but occurs with both radial flow fields and curved fields that are not simply rotational. Eye movements complicate the retinal flow pattern even further (Warren & Hannon , 1988) . Hence, the age-related changes we found in linear and curvilinear heading accuracy cannot simply be attributed to specific losses in the corresponding radially or rotationally selective units. Although more complex fields could be analyzed according to Koenderink and van Doorn's approach, their differential analysis is based on spatial derivatives and makes unrealistic assumptions about continuous flow fields (Warren & Hannon, 1988) , the receptive fields of these higher-level till its appear to be too large to implement such a local analysis, and other evidence indicates that div, curl, and def may not be basic visual elements (Lappin & Norman, 1988) . Nevertheless, combinations of these units may be involved in detecting complex flow fields, in which case their loss could contribute to a decline in discriminability for all classes of patterns . This would implicate still higher levels of the visual system in determining the direction of heading from such a distributed pattern of activity . Fortunately, age-related losses at higher levels of the visual system are likely to be more susceptible to improvement by perceptual training, as reported by Ball and Sekuler (1986) for translatory flow.
